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ABSTRACT
The laser additive manufacturing technique of laser deposition allows quick fabrication of 
fully-dense metallic components directly from Computer Aided Design (CAD) solid models.
The applications of laser deposition include rapid prototyping, rapid tooling and part 
refurbishment. The development of an accurate predictive model for laser deposition is 
extremely complicated due to the multitude of process parameters and materials properties 
involved. In this work, a heat transfer and fluid flow model is developed. The model is used to 
predict dilution under varying process parameters for deposits of Ti-6Al-4V. Experimental 
validation of the predicted dilution is presented. The laser used is a direct diode laser.  
1. INTRODUCTION
Laser deposition is an extension of the laser cladding process for rapid prototyping of fully 
dense metal components. This laser additive manufacturing technique allows quick fabrication 
of fully-dense metallic components directly from Computer Aided Design (CAD) solid 
models. The applications of laser deposition include rapid prototyping, rapid tooling and part 
refurbishment. A primary objective of the laser deposition process is to achieve porosity free 
added layers with good bonding to the substrate and with low dilution of the added layer in the 
substrate. Thus, dilution is among the major concerns for the laser deposition process. Dilution 
is an important parameter for the laser deposition process because it indexes the bonding 
between the added layer and the substrate, and the utilization efficiency for the laser power. 
High dilution indicates that too much laser power has been used to re-melt the substrate and 
overheating may occur while no dilution at all leads to poor bonding to the substrate and even 
lack of fusion. Many investigations have been done on substrate dilution during the past years 
?1-11?. It is considered that the control of laser deposition for a given level of dilution which is 
sufficient to establish metallurgical bonding but which minimizes dilution would be desirable. 
However, such control is difficult because dilution highly depends on the metallurgical 
properties of the materials applied and the varying process parameters.  
The authors have developed a self-consistent heat transfer and fluid flow model to predict 
dilution under different process parameters during laser deposition. In this study, A coaxial 
diode laser deposition system, LAMP (developed at UMR), is considered for simulations and 
experiments. The blown powder method is used to deliver power. As the primary laser in the 
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LAMP system, diode laser is believed to have a number of process advantages as opposed to 
the CO2 or Nd:YAG laser, including the better material coupling efficiency (laser absorption) 
and better beam profile for laser deposition. The beam profile of a diode laser is generally 
uniform due to the nature of the beam formation process. This profile is beneficial for many 
applications where uniform heating of a surface is required, as in laser surface hardening, laser 
alloying and laser cladding ?13?. Material of both powder and substrates is Ti-6Al-4V alloy, 
which is widely used in the aerospace industry and especially suitable for laser processing, 
since Ti-6Al-4V is still classified as one of the extremely difficult-to-machine materials using 
conventional machining ?14?.
2. MATHEMATICAL MODEL 
2.1 Governing Equations 
2.1.1 Momentum and energy conservation 
Figure 1 shows a schematic diagram of the laser 
deposition system. In the laser deposition process, melting 
and solidification cause the phase transformation at the 
solid/liquid interface. A mushy zone containing solid and 
liquid is formed. To track the solid/liquid interface 
evolution, in this study the continuum model developed by 
Bennon and Incropera ?15, 16? is adopted, which is an 
extension of the classical mixture theory. The momentum 
equations are written for the mixture velocities, relying on 
the value of the permeability in each control volume to 
determine whether flow through porous mush is important 
in that control volume. 
For the system of interest, a Newtonian, incompressible, laminar flow is assumed in the melt 
pool.
The conservation equations for mass, momentum and energy are summarized as follows: 
Continuity 
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Fig.1-Schematic of the laser 
deposition system 
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In equations (1)-(4), the continuum density, specific heat, thermal conductivity, vector 
velocity, and enthalpy are defined as follows: 
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The volume fractions of liquid can be obtained from Swaminathan and Voller’s general 
enthalpy method ?17?, although other relationships are possible ?18?. Swaminathan and Voller 
summarized four possible enthalpy-temperature curves with different liquid fraction 
temperature relationships. In this work, both the deposit and the substrate materials are 
Ti-6Al-4V, for which Curve B is more appropriate where there is a linear evolution of the 
latent heat over the solidification range Tl? Ts. The liquid fraction temperature relationship for 
this type of enthalpy-temperature curve is given by: 
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The other volume and mass fractions are can be obtained by: 
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The phase enthalpy for the solid and the liquid can be expressed as: 
0
( )
T
s sh c T dT? ? 0 ( ) ( )
s
s
T T
l s l mT
h c T dT c T dT L? ? ?? ?  (8) 
where Lm is the latent heat of melting. 
The assumption of a multiphase region permeability requires consideration of growth 
morphology specific to the alloy under consideration. The present study follows the approach 
suggested by Bennon and Incropera ?15, 16?, permeability, K, is assumed to vary with liquid 
volume fraction according to the Kozeny-Carman equation?19? derived from Darcy’s law: 
3
0 2(1 )
l
l
gK K
g
?
?
               (9)
where K0 is a constant depending on the morphology and size of the dendrites in the mushy 
zone. 
The S?x and S?y in the momentum equations are source terms contributed by the interfacial 
forces such as thermocapillary force and surface tension. 
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2.1.2 Tracking of the Free Surface 
The liquid/vapor interface, or the free surface of the melt pool, is very complex due to surface 
tension, thermocapillary force, and impaction of the powder injection. In this study, the 
Volume-Of-Fluid (VOF) method is employed to track the evolution of the moving free surface 
of the melt pool. The melt pool configuration is defined in terms of a volume of fluid function, 
F(x,y,t), which represents the volume of fluid per unit volume and satisfies the conservation 
equation:
( ) 0F V F
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2.2 Boundary Conditions 
2.2.1 Top Liquid-Vapor Free Surface 
(1) Momentum balance 
A free surface cell is subject to the following normal and tangential boundary condition: 
Tangential stress balance: 
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Normal stress balance: 
vp p ? ?? ? ?                  (12) 
where us and vs are the tangential and normal velocity component at the free surface. pv is the 
vapor pressure in the gas region. ? and ? represent surface tension coefficient and curvature, 
respectively. ? is given in ?18?:
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where n?  is a normal vector of local free surface, which is a gradient of VOF function: 
n F? ??                  (14) 
(2) Energy balance 
Energy balance at the free surface satisfies the following equation: 
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where terms on the right-hand side are laser irradiation, convective heat loss, radiation heat 
loss and evaporation heat loss, respectively. Plaser is the power of laser beam, Patten is the power 
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attenuated by the powder cloud, R is the laser beam radius, ? is the laser absorption coefficient, 
which is measured by Sparks et al. ?20?. The laser energy distribution is assumed to be 
uniform, which is close to the actual conditions. Patten is calculated according to Frenk et al’s 
model ?21? with minor modification: 
31 exp extatten laser
p jet p
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r D v??
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?            (16)
where m? denotes the powder mass flow rate, l is the stand-off distance from the nozzle exit to 
the substrate, ? is powder density, rp is the radius of the powder particle, Djet is the diameter of 
the powder jet, vp is the powder injection velocity, and Qext is the extinction coefficient. It is 
assumed that the extinction cross section is close to the actual geometrical cross section, and 
Qext takes a value of unity. 
In the evaporation term, em? is the evaporation mass flux and Lv is the latent heat of 
evaporation. According to Choi et al.’s “overall evaporation model” ?22?, em? is of the form:
18836log 6.1210 0.5logem A TT
? ? ? ??  (17) 
where A is a constant dependent on the material. 
(3) Mass Balance 
Powder particles that inject onto the top surface can be classified into three categories. (1) 
Those powder particles that have not been melted during their passage and hit the solid part of 
the substrate will deflect and lose. (2) Those powder particles that have been melted before 
they arrive on the substrate and impact the solid part of the substrate will stick to the surface of 
the substrate. (3) Those powder particles that fall into the melt pool including melted and 
unmelted will merge and mix with the molten liquid in the melt pool ?23?. In this study, the 
powder particles belonging to the last two cases will be utilized .  
The mass ratio of utilized powder to total powder is related to many factors, including melt 
pool dimensions and geometry, temperatures of the melt pool surface and the solid part of the 
substrate near the melt pool, the stand off distance between the substrate top surface and the 
end of the nozzle, and powder concentration distribution. Since the former two factors can be 
simulated in the present work, and the third factor is known for a specific experiment, the last 
factor needs to be modeled or measured by experiments. In this study, Pinkerton and Li’s 
model ?24? is applied. In their model, two distinct functions are applied to describe the powder 
concentration distribution along the central axis before and after the merge point, respectively. 
This model is for coaxial deposition nozzle.  
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2.2.2 Bottom and side wall surfaces 
The boundary conditions at the bottom, left and right wall satisfy the following equations: 
( )c
Tk h T T
n ?
? ? ? ?
?
               (18) 
0u ? 0v ?                (19)
Note that the radiation heat loss at these surfaces is neglected due to the fact that the 
temperature differences at these surfaces are not large. 
2.2.3 Heating of powder particles 
Powder particles are heated by the laser beam during their flight, and accumulated energy is 
finally transmitted to the substrate. In this study, a model proposed by Jouvard et al., [25] 
which is in good agreement with the experiment, is taken in the calculation of the powder 
temperature.  
2.3 Numerical Solution 
The SOLA-VOF algorithm ?26? is used to solve the continuity and momentum equation 
(2)-(4). At each time step, the discretized momentum equations calculate new velocities in 
terms of an estimated pressure field. Then the pressure field is iteratively adjusted and velocity 
changes induced by each pressure correction are added to the previous velocities. This 
iterative process is repeated until the continuity equation is satisfied under an imposed 
tolerance by the newly computed velocities ?27?. The energy equation (4) is solved by an 
implicit method. Staggered grids are employed where the temperatures and pressures are 
located at the cell center and the velocities at the walls. Uniform grid points were utilized with 
the mesh size of 10?m, which was proved to achieve grid independence. The time step is taken 
at the level of 10-6s initially and adapted subsequently according to the convergence and 
stability requirements of SOLA-VOF.  
3. Simulation Results 
The parameters for the simulation are chosen based on the capability of our experimental 
facilities to compare the simulation results with the experimental measurements. A continuous 
wave diode laser with an 808 nm wavelength is considered as the energy source. The laser 
intensity distribution is uniform. Three laser powers of 490,700, and 910W, three travel speed 
of 15, 20, and 25ipm, and three powder mass flow rate of 4, 6, 8g/min are considered. For 
substrates, Ti-6Al-V4 plates with a thickness of 0.25 inch are selected. Ti-6Al-V4 powder 
particles with a diameter from 40 to 140 ?m are considered as deposit material. The laser 
absorption coefficient is measured by Sparks et al. ?20?. Powder injection speed of 0.1–0.9 m/s 
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is obtained using Pan’s stochastic non-spherical particle collision model ?28?.
Fig. 1 shows the simulation results at t = 250 ms for one case in which laser power is 700W, 
travel speed is 20ipm, and powder mass flow rate is 8g/min. As expected, the melt pool depth 
in this case is small, that is, the melt pool is ‘flat’ since the laser power distribution is uniform 
instead of Gaussian.  
(a) Temperature field (b) Velocity field (c) Volume of Fluid
Figure 1–Simulation results at t = 130 ms for the case: laser power: 910W, travel speed: 20ipm, 
powder mass flow rate: 4.68g/min. 
It is convenient to compute dilution using the function of Volume of Fluid (VOF), which help 
visualize the melt pool clearly. A cell with a VOF value greater or equal to 0.5 is counted as a 
liquid cell. Dilution ?d is defined as the ratio of molten bulk material of cross section Ab to the 
total molten cross section Ac + Ab ?32?:
b
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b c
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A A
? ?
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                 (20) 
Fig.2 shows how the melt pool evolves. Fig. 2 (a)-(c) shows the process in which a complete 
melt pool forms. Fig. 2 (d)-(f) shows that the melt pool is entering a “steady state” in terms of 
shape and dimensions. The dilution calculation is based on the average value of the transient 
data in a “steady state” of the melt pool. The simulation results of dilution for different cases 
are presented in the next section. 
4. Experimental results and model validation 
4.1 Experimental Setup 
The experiments were performed on the LAMP system shown in Fig. 3. The system consists 
of a diode laser, powder delivery unit, 5-axis CNC machine, and monitoring subsystem. The 
laser system used in the study was Nuvonyx (Nuvonyx Inc.) ISL-1000M Laser Diode System 
which combines state-of-the-art micro-optics with laser diodes to produce the only single 
wavelength fiber coupled direct diode laser at power levels up to 1000 watts CW. The laser 
emits at 808 nm and operates in the continuous wave (CW) mode. To protect oxidization of 
Ti-6Al-V4, the system is covered in an environmental chamber to supply argon gas for 
titanium deposition. The laser spot diameter is 2.5 mm. For the other aspects of the system 
architecture, refer to Liou et al. [33] and Boddu et al.[34].  
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Ti-6A1-4V powder (Accumet Materials Co.) has diameters between 40 ?m and 140 ?m. The 
substrates have dimensions of 2.5×2.5×0.4 in. 
(a) t = 50 ms (b) t = 60 ms (c) t = 70 ms
(d) t = 110 ms (e) t = 120 ms (f) t = 130 ms
Figure 2–Evolution of melt pool for the case: laser power: 910W, travel speed: 20ipm, and 
powder mass flow rate: 4.68g/min 
Figure 3-Schematic of experimental setup 
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4.2Experimental Procedure 
The Ti-6Al-4V samples were irradiated using a laser beam with a beam spot diameter of 2.5 
mm and laser powers (measured using a power meter) of 490-910W. The laser deposited 
samples were cut using a Wire-EDM machine. A SEM (Scanning Electron Microscope) line 
trace was used on each of the samples to determine the dilution of the clad layer. The deposited 
Ti-6Al-4V is of Widmansttaten structure. The substrate has a rolled equi-axed alpha+ beta 
structure. Even though these two structures are considerably different and are easily 
distinguishable, the HAZ is large and has a martensitic structure that can be associated with it. 
Hence small quantity of tool steel in the order of 5% was mixed with Ti-6Al-4V. The small 
quantity makes sure that it does not drastically change the deposit features of a 100 % 
Ti-6Al-4V deposit. At the same time, the presence of Cr in tool steel makes it easily 
identifiable by means of EDS scans using SEM. Knowing the exact location of Cr in the 
substrate would provide the depth of the melt pool in the substrate to measure dilution.  
4.3 Results  
A dilution analysis using SEM is shown in Fig.4. The upper part is the deposit. The lower part 
is the re-melt area, only part of it is shown in the images. In order to understand the effects of 
laser power, travel speed and powder mass flow rate on dilution, and to validate the numerical 
simulation, both simulation results and experimental results are shown in Fig. 5-7. 
Table 2 Measured and simulated dilution on Ti-6Al-4V 
Dilution Depth (?m) Dilution (%) Laser Power 
(W) 
Travel Speed 
(in./min) 
Powder Mass Flow 
Rate (g/min) Measured Simulated Measured  Simulated 
700 15 4.68 108 80 18.7 15.3 
 20 4.68 77 60 15.8 13.2 
 25 4.68 51 40 12.3 10.4 
 20 5.7 61 50 13.1 11.0 
 20 6.7 56 50 11.8 10.7 
       
770 20 4.68 105 90 18.5 17.0 
       
840 20 4.68 137 110 21.5 18.4 
       
910 15 4.68 225 170 26.1 22.2 
 20 4.68 158 130 22.3 19.5 
 25 4.68 133 110 20.2 18.7 
 20 5.7 109 100 17.6 16.3 
 20 6.7 101 90 16.8 15.4 
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(a) Beginning of deposit (b) Middle of deposit (c) End of deposit 
Figure 4-SEM pictures of dilution analysis. (Laser power: 910W, travel speed: 20ipm, powder 
mass flow rate: 6.7g/min) 
5. Discussion 
Dilution depth depends on the energy absorbed by the substrate, given the specific material, 
the geometry of the substrate, laser beam spot size, and the beam profile. Laser power and 
laser travel speed determine the total energy density potentially absorbed by the substrate. 
Powder mass flow rate affects the energy actually absorbed by the substrate by the mechanism 
of power attenuation due to the powder cloud. Laser power, travel speed and powder mass 
flow rate are the three main process parameters to determine the dilution depth. 
Dilution, defined as the ratio of the cross section of the molten substrate material to the total 
molten cross section, depends on both the dilution depth and the cross section area of the clad. 
The cross section area of the clad is determined by the clad height and the ripple of clad 
surface, which are out of this paper’s scope.  
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Figure 5-Dilution depth and dilution as a function of laser power for travel speed of 20 ipm 
and powder mass flow rate of 4.68g/min for laser deposited Ti-6Al-4V 
541
050
100
150
200
250
0 5 10 15 20 25 30
Laser Travel Speed (ipm)
D
ilu
tio
n 
D
ep
th
 (m
ic
ro
n)
700W Measured
700W Simulated
910 W Measured
910W Simulated
0
5
10
15
20
25
30
0 5 10 15 20 25 30
Laser Travel Speed (ipm)
D
ilu
tio
n 
(%
)
700W Measured
700W Simulated
910W Measured
910W Simulated
(a) Dilution depth       (b) Dilution 
Figure 6-Dilution depth and dilution as a function of laser travel speed for powder mass flow 
rate of 4.68g/min for laser deposited Ti-6Al-4V 
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Figure 7-Dilution depth and dilution as a function of powder mass flow rate for travel speed of 
20 ipm for laser deposited Ti-6Al-4V 
From Fig. 5-6, it can be seen that an increase in the laser power will increase the dilution depth. 
An increase in the laser travel speed will decrease the dilution depth. It is clear that the dilution 
depth has a linear dependence on the laser power and the laser travel speed. This is easy to 
understand. As the laser power increases, more power is available for melting the substrate. As 
travel speed decreases, the laser material interaction time is extended. But since the powder 
catchment efficiency and thus the cross section area of the clad also increase with increased 
laser power and decreased laser travel speed the dilution can be seen not to vary proportionally 
with the dilution depth.  
From Fig. 7, it can be seen that an increase in powder mass flow rate will decrease the dilution 
depth. But the effect of powder mass flow rate on dilution depth is more significant at a lower 
level of powder mass flow. It is likely that at a lower level of powder mass flow, the effect of 
powder mass flow rate on powder catchment efficiency is more significant. Also at a higher 
level of laser power, the effect of powder mass flow rate on dilution depth is more significant. 
It is likely that at a higher level of laser power, on one hand more power is attenuated given a 
constant attenuation ratio and more power is absorbed by the powder; on the other hand, the 
deposited material can decrease the temperature gradients more significantly.   
From Fig. 5-7, we can see that the general trend between simulations and experiments is 
542
consistent. The errors between the simulated and measured dilution depths are analyzed to 
come from four aspects: (1) Resolution of the computational mesh (that is, the mesh size) 
limits the accuracy of the simulation. In this study, mesh size is 10 ?m. But the resolution of 
SEM measurement is 1 ?m. (2) The SEM measurement of the dilution depth may bring about 
some errors. This method described before may not be very accurate since it is to track the 
trend of Chromium distribution. (3) The model is two-dimensional but the process is three 
dimensional in nature. The model intrinsically neglects heat and mass transfer in the third 
dimension. One can see that the errors between the simulated and measured dilution depths 
increase with increase laser power and decreased laser travel speed. This may be because that 
at a higher energy density heat and mass transfer in the third dimension is more significant. (4) 
The uncertainties of the material properties and the appropriateness of the sub-models are 
other possible sources of the errors. 
In this study, the model is validated in terms of dilution depth and dilution. This heat transfer 
and fluid flow model can also predict temperature field, velocity field, pressure field of the 
melt pool, clad height, and melt pool geometry. The measurement of these quantities is not 
presented here since this paper focus on the prediction of dilution.  
6. Conclusions
A self-consistent laser deposition model is presented, which simulates heat transfer, fluid flow, 
melt pool geometry during the laser deposition process. The SOLA-VOF?25? method is 
adopted to track the evolution of the melt pool free surface (liquid/vapor interface). The 
continuum model ?15, 16? is applied to derive the mass, momentum and energy conversation 
equations, which are valid for solid and liquid. The movement of solid/liquid interfaces are 
also simulated using the continuum model?15, 16?. In this study, processes associated with the 
melt pool free surface, including free surface evolution, convection, evaporation, surface 
tension, heating of powder particles, powder flow velocities, and powder concentration 
distribution have been modeled.  
The numerical model is used to predict diode laser-induced dilution in Ti-6Al-4V that was in 
agreement with those measured by SEM. The sources of the errors between the simulated and 
measured dilution have been analyzed. It is expected that a three dimensional model with finer 
mesh will improve the accuracy of prediction in dilution. 
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